SUMMARY Liver cells from 20 normal livers and 20 hepatomas have been studied in histological sections using an interactive computer method which measures nuclear size and shape. The variables which gave best discrimination between malignant and benign nuclei were the standard deviations of nuclear shape measurements. Though the liver is an ideal tissue for computer study it is considered that such measurements may act as a model for analysis of nuclei of other tissues.
Nuclear changes are important in the assessment of neoplasia by pathologists. These include changes in size, shape, and texture of nuclei which may be measured objectively by automatic or manually assisted computer methods. Such measurements have been applied recently to uterine carcinomas,' lymphomas and normal lymphoid tissue,2 4 gastric carcinomas5 and bladder tumours6 I either in histological sections or cytological preparations.
In this study we have investigated nuclear size and shape as discriminants of malignant and normal liver cell nuclei in histological sections. The shape of the nucleus is commonly assessed by the relation of nuclear perimeter and area (P2I/4rA) which assesses deviations from circularity. In addition to P2/4irA alterations in shape have been assessed by measurements of changes in the curvature of the nuclear boundary. We have chosen to investigate the liver as an ideal tissue for computer analysis with the expectation that it will serve as a model for other tissues.
Material and methods
Liver biopsy material was obtained from the files of Northwick Park Hospital and the Clinical Research Centre. Ten normal livers and 10 hepatomas were selected for examination. All the material had been fixed in formol saline and processed by standard procedures to produce 4 ,um paraffin sections stained by haematoxylin and eosin. The sections were then examined using a Magiscan (Joyce Loebl) Image Accepted for publication 9 March 1982 Analysis System. Each section was examined with x 100 oil immersion objective. Maximum nuclear contrast was obtained using a Kodak green filter.
Thirty liver parenchyma cell nuclei were chosen at random in each section. A computer program selected any one of 81 possible fields and a randomly chosen point was displayed within each field. The boundaries of the nearest five liver cell nuclei to the point were delineated and measured. A proportion of nuclei could be automatically detected using grey scale segmentation or edge detection routines but at the magnification chosen it was clear that some nuclei could not be so detected. We therefore chose to define each nuclear membrane interactively by drawing the boundary using the light-pen system. The magnification chosen gave a monitor image of about 1000 square pixels for the smallest nucleus examined. This was large enough to reduce the error of area measurements in repeated manual tracing of a typical nuclear boundary to less than 5%.
A total of nine size and shape measurements or derived values were made on each boundary. The results were used to select those parameters which best differentiated normal from malignant nuclei. Reproducibility was tested by repeating the measurements on half the original sections. Validity of the method was tested by the discriminating ability of the selected parameters on a set of 10 further sections where the diagnosis was unknown to the operator. The resulting curvature function f(C) for a boundary can be seen in Fig. 3 . The curvature function reflects the boundary convexities as peaks and its concavities as troughs.
Six additional measurements of shape were made on the curvature function and were: Fig. 1 Error correction for digital length. IfAB is part ofa straight line segment ofa boundary which has been detected on a digital tracking device it will be defined by the set ofgrid co-ordinates closest to the line. The digital length is the distance between successive co-ordinates and is generally greater than the true length. This can be partially corrected as illustrated. 
Results
The size and shape measurements were examined in two ways. In the first instance the results from the nuclei of all the hepatomas were pooled and compared with the pooled results of the non-neoplastic nuclei. This gave two groups of 300 nuclei in each group. The size distributions of the nuclei are shown in Fig. 4 . There is considerable overlap between the groups and although the largest cells belong to the hepatomas it is also clear that the smallest nuclei are also from tumours.
The distributions of the P2/47rA shape measurements are shown in Fig. 5 . There is large overlap between nuclei from normal livers and hepatomas near to a value of 1 but the values of P2/4irA for the hepatoma nuclei extend considerably further from unity reflecting loss of circularity. Of the nuclei taken from tumours, 27% have a larger P2/4irA value than the largest value for the nonneoplastic nuclei.
The distributions of the standard deviation of the curvature function of the nuclear boundaries for the two groups is shown in Fig. 6 Many of the shape measurements are strongly correlated. The combination of variables which gave the best separation between the hepatomas and nonneoplastic livers was found using a stepwise linear discriminant computer program which maximises the ratio of the difference in means between the groups to the standard deviation within the groups. The variable which gave the best discrimination on its own was the standard deviation of the curvature standard deviation, which is a measure of how much the irregularity of the nuclear boundary varies over a sample of 30 boundaries from a section. The next "best" variable was the standard deviation of the sum of squares of the curvature. This is analogous to the bending energy proposed by Bowie and Young.9 A linear combination of these two variables gave a discriminating function which separated nonneoplastic livers from hepatomas as shown in Fig. 9 . In this study the best separation of benign and malignant nuclei was obtained from the standard deviation of the curvature standard deviation and the next best measurement was the standard deviation of the sum of squares of the curvature. These variables may be combined to give a linear discriminant. However because the sample size is small, too much importance cannot be placed on the exact form of the discriminant and a larger trial could lead to a different combination of variables. The important point from this study is that the variables which gave the maximum discrimination are not the mean values of section measurements but rather their standard deviations.
Since the cells in sections from hepatomas are selected at random, measurements may also include some derived from adjacent non-neoplastic cells. In effect there is likely to be sampling from two nuclear populations, neoplastic and non-neoplastic. This explains why the variables which best separate the nuclei are those associated with the spread or standard deviation of measurements on a section. The effect of this dilution of the neoplastic cells will result in a certain amount of variability in the reproducibility of the measurements. It is clear from Fig. 9 that the variability between repeated measurements of the same section was much less than the difference between hepatoma and non-neoplastic sections.
Some care must be exercised with the nuclear sampling, however, to prevent error. 
